Introduction
In Morocco, domains of outcropping Precambrian-Paleozoic basement along the Atlantic rifted margin (e.g., Meseta, Jebilet, Massif Ancient of Marrakech, and Anti-Atlas belt) were always recognized as relatively stable and not experiencing any major post-Variscan vertical movements (Michard 1976; Guiraud et al. 1987 Guiraud et al. , 2005 . However, recent findings, based on low-temperature geochronology techniques, show that the latter domains experienced km-scale vertical motion (subsidence/exhumation) contemporaneous with the Mesozoic syn-and post-rift phases in the Central Atlantic (e.g., Malusà et al. 2007; Ghorbal et al. 2008; Ghorbal 2009; Sebti et al. 2009; Ruiz et al. 2011; Oukassou et al. 2013) . Furthermore, well and seismic data reveal the existence of thick intervals of terrigenous siliciclastic sediments deposited in the adjacent Atlantic shelf and deep basins during Late Jurassic to Early Cretaceous time (e.g., Price 1981; Davison 2005; Gouiza 2011) , which corresponds to the time interval of the aforementioned exhumation.
Km-scale crustal movements during the early post-rift time are also documented elsewhere along the Atlantic Ocean: in the conjugate margin of Nova Scotia (Ravenhurst et al. 1990; Grist and Zentilli 2003; Pe-Piper and MacKay 2006; Li et al. 2012) ; the NE Brazilian margin (Harman et al. 1998; Peulvast et al. 2008; Bonow et al. 2009; Jelinek et al. 2014) ; and the W Greenland margin (Chalmers et al. 1999; Japsen et al. 2006; Bonow et al. 2006) . Onshore domains along these margins experienced anomalous exhumation and denudation during the early Atlantic post-rift Abstract The Anti-Atlas belt of Morocco extends ENE-WSW, over more than 600 km, from the Atlantic margin in the west to the interior of the African plate in the east. It exhibits Precambrian rocks outcropping as basement inliers and surrounded by marine Ediacaran-Cambrian sequences around the axis of the mountain range. The belt, which has for a long time been interpreted as of Variscan age, is now revealed to have experienced major vertical movements through Mesozoic and Cenozoic times. Thereby, the Anti-Atlas domain appears to be affected by two episodes of exhumation separated by an episode of subsidence. The initial episode occurred in the Late Triassic and led to the exhumation of 7.5-10.5 km of crustal rocks by the end of the Middle Jurassic (ca. 160-150 Ma). The following phase resulted in 1-3 km of basement subsidence and occurred during the Late Jurassic and most of the Early Cretaceous. The basement rocks were then slowly brought to the surface after experiencing 2-3.5 km of exhumation throughout the Late Cretaceous and the Cenozoic. The timing of these episodes of exhumation and subsidence coincides with major tectonic and thermal events in relation with the evolution of the Atlantic and Tethys Oceans, indicating that the effects of their rifting and drifting extended beyond their presumed margins.
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period when deposition of thick terrigenous series was taking place in neighboring offshore basins.
This work investigates the post-Variscan thermal history of the Anti-Atlas belt of Morocco, and its relation to the rifted Atlantic margin. Precambrian rocks, cropping out at the surface along the Anti-Atlas, were sampled to constrain their thermal evolution using apatite fission track (AFT) and (U-Th)/He thermochronology. The new measurements are integrated with existing data sets to quantify the magnitude of subsidence and exhumation along the entire belt and their lateral extent to the east, away from the presentday shoreline of the Atlantic Ocean.
Geological setting of the Anti-Atlas belt
The Anti-Atlas belt of Morocco extends ENE-WSW, over more than 600 km, from the Atlantic margin in the west to the interior of the African plate in the east. It is located on the northern border of the West African craton (Fig. 1) , which is bounded to the north by the High Atlas fold-andthrust belt. The Anti-Atlas and High Atlas are separated by the Neogene foreland basins of Souss and Ouarzazate (Figs. 2, 3) , which are found on the foot-wall of a major structure that is the South Atlas Fault (known also as the South Atlas Front) (Dewey and Kidd 1974; Liégeois 2001, 2008) . The Anti-Atlas exhibits Precambrian rocks cropping out as basement inliers, surrounded by marine Ediacaran-Cambrian sequences along the axis of the mountain range (Figs. 2, 3) . The latter sediments are overlain by Ordovician to Early Carboniferous sequences which extend south as cover of the West African craton .
The tectonic and structural evolution of the Anti-Atlas is believed to be shaped by three major orogenic events; the Eburnean orogeny, the Neoproterozoic Pan-African 
Fig. 1
Shaded relief map of Morocco showing the major structural domains, namely from north to south, the Rift Belt, the Meseta, the Middle and High Atlas ranges, the Anti-Atlas Belt, the West African Craton, and the Atlantic margin to the west orogeny and the Paleozoic Variscan orogeny. The AntiAtlas Major Fault (AAMF), which is inherited from the Pan-African shortening, runs roughly E-W and subdivides the belt into two distinct domains (Choubert 1947) . South of the AAMF, the Anti-Atlas basement rocks consist of the Eburnean Paleoproterozoic schists and granitic intrusions and their Neoproterozoic shallow-water series, which were folded and metamorphosed during the Eburnean and the Pan-African orogenies (Walsh et al. 2002; Thomas et al. 2002; Gasquet et al. 2008; Soulaimani et al. 2014) . North of the AAMF, the Anti-Atlas basement rocks are mainly Neoproterozoic of age. They consist of ophiolites and island arc-related gneiss and intrusions accreted to the northern edge of the West African craton during the climax of the Pan-African orogeny (ca. 850-540 Ma) (Kröner and Stern 2004; D'Lemos et al. 2006; Linnemann et al. 2008; Timmerman 2008; El Hadi et al. 2010; Hefferan et al. 2014; Soulaimani et al. 2014) . During the Ediacaran, at the end of the Pan-African orogeny, the Anti-Atlas experienced post-orogenic collapse resulting in tilted basement blocks and continental basins filled by the Upper Ediacaran volcaniclastic series of the Ouarzazate Group (Gasquet et al. 2008; Soulaimani et al. 2014) . During the Late Neoproterozoic-Early Cambrian, the Anti-Atlas domain experienced extension and rifting related to the opening of the Iapetus Ocean with the formation of wide graben and half-graben structures filled by coarse clastics and intervals of alkaline basalts (Taroudant and Tata Groups respectively) indicating an intracontinental extension (Benssaou and Hamoumi 2003; Burkhard et al. 2006; Soulaimani et al. 2014 ). The ensuing post-rift stage that started in the Cambrian led to strong subsidence in the Anti-Atlas and accumulation of fine-grained clastic sediments, which thickness reached up to 10 km in the west and 4 km in the east (Helg et al. 2004; Burkhard et al. 2006; Baidder et al. 2008 ).
In the Carboniferous-Early Permian, the Variscan belt which extended from the Meseta plateau in the north to the Mauritanides in the south resulted in thick-skinned inversion and folding of the Anti-Atlas basement (Piqué et al. 1987; Helg et al. 2004; Burkhard et al. 2006; Michard et al. 2010) . After the Variscan orogeny, the inherited Precambrian and Paleozoic structures were supposedly reactivated during Late Mesozoic-Cenozoic times, contemporaneously with the deformation and uplift of the Atlas Mountains to the north (Malusà et al. 2007; Sebti et al. 2009; Frizon De Lamotte et al. 2009; Soulaimani et al. 2014 ).
Analytical methods
Samples were collected from the intrusive Precambrian rocks exposed in the western (Kerdous inlier), central (Agadir-Melloul, Zenaga, and West Saghro inliers), and eastern (East Saghro and Ougnat inliers) Anti-Atlas belt (see Fig. 2 ; Table 1 ). The samples were processed and analyzed for AFT and (U-Th)/He at the geochronology laboratory of the VU University of Amsterdam.
Mineral separation
In order to extract apatite grains, the rock samples were split into small pieces using a large hydraulic rocksplitter. The pieces were then crushed in a jaw-crusher, then in a disk mill. The crushed samples were sieved in a sieve machine to separate the fraction smaller than 250 µm, which is deslimed in a wet sieve system to remove everything that is <32 µm and dried in the oven at 50 °C. The obtained 250-32 µm powder was further processed by heavy liquid and overflow centrifuge to separate the minerals based on their densities. Since the average apatite density is around 3.19 g/cm 3 , grains with densities lower than 3.12 and higher than 3.33 g/cm 3 were separated from the rest. Finally, the latter fraction (3.12 < ρ < 3.33 g/cm 3 ) went through a Frantz magnet to separate magnetizable and non-magnetizable minerals. At this stage, the non-magnetizable fraction contains mostly apatites.
Apatite fission track (AFT) methodology
Apatite crystals were mounted in epoxy along with six zircon minerals aligned along a diagonal. The mounts were grinded and polished to reveal the internal surface of the apatites and then exposed to 5.5 M NHO 3 for 20 s at room temperature to reveal fission tracks caused by the spontaneous fission of 238 U. The external detector method was applied by placing low U micas on top of the apatite mounts, and the samples were sent to the FRM II research reactor in Garching (Germany) for irradiation, along with dosimeter glasses, CN-5, of known uranium content for the determination of the thermal neutron flux. After irradiation, (Dumitru 1993) . Dpar, long axes of FT etch-pits, is a rough proxy for the chemical composition of apatite and therefore for the annealing properties (Donelick et al. 1999) . Since the 235 U/ 238 U ratio is constant, the number of induced tracks is proportional to the concentration of 235 U in the apatites and applied thermal neutron flux. Fission track ages have been calculated with TRACKKEY software (Dunkl 2002) , using a zeta value of 358 ± 10 for apatite and CN-5 glass. Fish canyon tuff and Durango apatites were used as age standards to determine the Zeta factor (Hurford and Green 1983) .
Apatite (U-Th)/He (AHe) methodology
Two to four apatites crystal (aliquots) of each sample were hand-picked to obtain the best suitable aliquots to be dated. (U/Th)He dating was accomplished at the noble gas laboratory of the VU University of Amsterdam. It is a two-step process that involves Helium extraction and the determination of U and Th concentrations using ICP-MS technique.
First, each single apatite crystal goes through a Helium extraction line equipped with laser and mass spectrometer. The apatite crystal is heated by laser up to 950 °C to release the He, which is then expanded into the mass spectrometer, where He abundance is measured as counts per second and converted to ccSTP (cm 3 in standard temperature and pressure) using an internal standard.
After He extraction, the apatite crystal is unloaded and cleaned in a 7-ml Teflon beaker filled with MilliQ water. Then, the sample is spiked with calibrated 229 Th-233 U solution ( 233 U/ 229 Th = 0.96) and dissolved by adding ten drops of HNO 3 and ten drops of concentrated HF. The beaker is placed on a hotplate at 120 °C for 48 h. Finally, the solution is transferred to an ICP-MS tube for determination of the U and Th concentrations.
Results

Apatite fission track (AFT) ages
AFT analytical data are listed in Table 2 . Most of the samples provided excellent measurements, with at least 15 grain ages and around 100 confined track lengths, except samples MOR210-06 and MOR210-07 where only 54 and 32 track lengths were measured, respectively. The obtained pooled AFT ages are between 87.5 ± 3.9 and 160.3 ± 6.5 Ma, and the mean track lengths (MTL) are between 12.04 ± 1.53 and 12.94 ± 1.49 μm. The radial plots, shown in Fig. 4 , indicate that single grain ages are clustered around the central age of each sample, with mean Dpar values ranging between 1.73 and 2.52 μm and a standard deviation <0.3 μm.
The oldest pooled AFT ages are found in the easternmost inliers of the Anti-Atlas, in East Saghro and Ougnat, which yield ages of 160.3 ± 6.5 and 156.0 ± 6.9 Ma, respectively, and MTL of 12.81 ± 1.15 and 12.45 ± 1.16 μm, respectively. The youngest pooled AFT ages are from the central inliers of Agadir-Melloul and Zenaga, located just south of the AAMF revealing ages between 94.7 ± 4.1 and 87.5 ± 3.9 Ma, respectively and MTL of 12.69 ± 1.56 and 12.34 ± 1.39 μm. The westernmost inlier of Kerdous shows pooled AFT intermediate age of 135.2 ± 7.7 and 129.5 ± 9.8 Ma with MTL of 12.47 ± 1.78 and 12.94 ± 1.49 μm, respectively. Apart from the Kerdous samples, the MTL distribution in the other samples is relatively narrow ( Fig. 4 ; Table 2 ) with no lengths smaller than 8 μm and abundant long tracks, indicative of fast cooling through the apatite partial annealing zone (APAZ) and subsequent long residence time at low temperatures with very slow annealing at shallow depths near the surface (Ghorbal et al. 2008 ). This does not exclude processes causing subsidence and exhumation, as the AFT system is not sensitive enough to record these near surface dynamic processes, while apatite (U-Th)/He does.
Apatite (U-Th)/He ages
The uncorrected (U-Th)/He (AHe) ages range between 20.78 ± 2 and 125 ± 12.24 Ma, whereas the ages corrected for α-ejection are between 27.23 ± 2.62 and 156.31 ± 15.29 Ma (Table 3) . Samples MOR210-06, MOR210-09, MOR210-12, MOR210-14, and MOR210-15 show an excellent AHe age reproducibility within error in all the analyzed aliquots (Table 3) . Three samples show only partial AHe age reproducibility within error from three aliquots out of four in MOR210-10 and MOR210-16, and from two aliquots out of three in MOR210-17 (Table 3) . Samples MOR210-07 and MOR210-13 show extremely poor AHe age reproducibility (Table 3) . Poor AHe age replication within the same sample could be attributed to analytical error during the He extraction, or more likely to the presence of undetected fluid and/or mineral inclusions in the analyzed apatite aliquot.
Samples from neighboring outcrops, in the AgadirMelloul and Ougnat inliers, show consistent AHe ages which cluster around 71.79 Ma (mean corrected age with a standard deviation (Stdv) of 4.8 %) and 44.19 Ma (Stdv = 13.8 %), respectively. This is not the case in the Saghro inlier where the contiguous samples MOR210-14 and MOR210-15 produce mean corrected AHe ages of 54.12 Ma (Stdv = 5.5 %) and 112.91 Ma (Stdv = 1.11 %), respectively.
Most of the samples show corrected AHe ages that are 15-110 Myr younger than the AFT ages, except samples MOR210-07 and MOR210-13, which have poor AHe age duplicability and show corrected AHe ages older than AFT ages. For both reasons, poor reproducibility and AHe ages being older than AFT ages, the AHe apparent ages of MOR210-07 and MOR210-13 are not further discussed. The observed overall trend shows AHe ages becoming younger moving eastwards, away from the Atlantic margin. Thereby, in the West and Central Anti-Atlas, a mean (corrected) AHe age of 112.37 Ma is found in the Kerdous inlier (MOR210-06), 71.79 Ma in the Agadir-Melloul inlier, and 51.81 Ma in the Zenaga inlier. In the East AntiAtlas, the East Saghro inlier shows a significant variability in AHe ages, but the younger ages are from MOR210-14 which shows a mean AHe age of 45.12 Ma, which is comparable to the mean AHe age of 44.19 Ma found in the easternmost Ougnat inlier (MOR210-16 and MOR210-17).
The observed trend of the AHe ages is not compatible with the obtained AFT age distribution, pointing to a (partial) uncoupling of both low-temperature geochronometers in the later geological history. It supports the suggestion earlier made that apatite (U-Th)/He systematics may have been affected by late-stage subsidence and exhumation, not recorded by the apatite fission track system.
Modeling the thermal history of the Anti-Atlas
The HeFTy modeling software Time-temperature (t-T) modeling is achieved using the HeFTy software (Ketcham 2005) , which uses AFT and AHe data to predict t-T paths describing the thermal history of the analyzed samples.
The AFT modeling is based on the annealing model of Ketcham et al. (2007) , and the input parameters consist of length data and age data. The length data include lengths of individual fission tracks, angle of the tracks to the crystallographic c-axis, and the measured Dpar values. The age data include the Zeta calibration method used and for each analyzed apatite grain, the number of spontaneous and induced tracks, and the mean Dpar value.
The AHe modeling utilizes the calibration parameters of Shuster et al. (2006) , which takes as input the aliquot size, the U-Th content, and the uncorrected AHe age, and account for α-ejection correction. HeFTy consists of both forward and inverse modeling (Ketcham 2005 ). The forward model allows to manually predict t-T paths that fit the data distribution. While the inverse models test random t-T paths, using a Monte Carlo algorithm, to find the thermal history that best matches the input data. The latter mode requires constraint boxes, which are geological constraints imposed to the model.
HeFTy uses statistics to evaluates the quality of a given t-T path, which are expressed by a value called goodnessof-fit (GOF) based on the Kolmogorov-Smirnov test or the Kuiper's Statistic (Press et al. 1996) . GOF values, comprised between 0 (no fit) and 1 (perfect fit), are calculated for the fission track length distribution and for the AFT and AHe ages (see Ketcham 2005 for more details). A model is considered "acceptable" if all statistics' GOF are above 0.05. It is considered "good" if the mean GOF value is at least 0.5 and the minimum GOF value is greater than 1/ (N + 1), where N is the number of GOF tests (Ketcham 2005) .
We model the post-Paleozoic thermal history of samples that have at least 85 track length measurements, with the exception of MOR210-06 with only 54 track length measured, and a good AHe age reproducibility. Thereby, six samples were modeled, namely, MOR210-06, MOR210-09, MOR210-10, MOR210-12, MOR210-15, and MOR210-16, and the inverse modeling is set to be completed after the evaluation of one million random t-T paths for each of the samples.
Model constraints
The thermal modeling is constrained by two boxes (A and B) derived from geological observations from the AntiAtlas belt and the surrounding domains and one box (C) based on the obtained AHe ages (Fig. 5) .
The first constraint (Box A) assumes that the presently outcropping basement was 8-11 km deep by the end of the Triassic (200 Ma). Two long basaltic dykes related to the Central Atlantic Magmatic Provinces (CAMP) are found cropping out in the Anti-Atlas (Fig. 2) . The Foum Zguid dyke located south of Zenaga and Saghro inliers and the Igherm dyke which is located between the Kerdous and Agadir-Melloul inliers. Foum Zguid dyke produces a plagioclase 40 Ar/ 39 Ar age of 196.9 ± 1.8 Ma (Sebai et al. 1991; Touil et al. 2008) , which is comparable with the overall age of the CAMP event which is estimated at 199.1 ± 1 Ma (Marzoli et al. 2004; Knight et al. 2004; Nomade et al. 2007; Verati et al. 2007 ). The Igherm dyke has not been dated but according to its geological setting; it is considered as coeval to the Foum Zguid dyke. Petrographic studies on Foum Zguid and Igherm dykes revealed, based on hornblende-Al content, that the crystallization depth is between 8 and 11 km (Aarab et al. 1994; Youbi et al. 2003; Touil et al. 2008) . Given the extent of the Igherm and Foum Zguid dykes, approximately 100 and 160 km long respectively, and their proximity to the sampled outcrops, we assume that these dykes and the surrounding PrecambrianPaleozoic rocks were exhumed at the same time.
The second constraint (Box B) assumes that the basement was at shallow depth sometime between the Middle Jurassic and the Early Cretaceous (180-100 Ma). Terrigenous sediments are found unconformably overlying the Precambrian and Paleozoic basement in many locations around the Anti-Atlas; in Sidi Ifni to the west, in the Siroua inlier and the Ouarzazate basin to the north, and in the Guir Hamada on the eastern edge of the belt (Hollard et al. 1985; Zouhri et al. 2008 ). These sediments were poorly dated and assumed to be Lower Cretaceous but could be as old as Upper Jurassic or even Triassic.
We added a third constraint (Box C) between the Early Cretaceous and the Eocene (120-40 Ma) to enable the t-T path to re-enter the partial annealing zone of AFT and no retention zone of the AHe system. This box is necessary because our sensitivity modeling experiments showed that HeFTy tends to only test paths that run close to the surface between Box B and the present day, ignoring the AHe ages.
Modeling results
The inverse modeling, constrained by boxes A, B, and C, succeeded in finding excellent t-T paths that honor both the AFT and AHe data (Fig. 6) . The results indicate a common trend along the entire Anti-Atlas belt, which is characterized by two cooling phases separated by a heating phase during the Mesozoic and Cenozoic (Fig. 6) .
The and ended at variable times in the different domains of the belt. Since our modeling experiments only capture the post-Paleozoic evolution of the Anti-Atlas, this cooling could have initiated much earlier than it is showed by our models. The best-fit t-T paths show a rapid initial cooling phase in the AgadirMelloul, E Saghro, and Ougnat that ended around 180 Ma (Fig. 6b, c , e, f), whereas it continued much longer in the Kerdous and Zenaga inliers (Fig. 6a, d) where it ended around 150 and 160 Ma, respectively. Immediately after this first cooling event, the basement rocks of the western and central inliers (Kerdous, Agadir-Melloul, and Zenaga) were heated again and reached temperatures ranging between 85 and 115 °C around 120-105 Ma (Fig. 6a-d) . However, in the eastern Anti-Atlas, the basement of the E Saghro remained stable around 40 °C for more than 60 Ma (174-112 Ma) before experiencing a rapid (112-103 Ma) 40 °C heating event (Fig. 6e) , while the Ougnat inlier underwent a very slow and prolonged (160-80 Ma) heating event of only 15 °C (Fig. 6f) . The final cooling phase, which placed the basement rocks at surface temperature (~20 °C), was much slower than the first one as it lasted much longer (120-0 Ma) in all the examined samples.
Best-fit t-T path
Comparing our results to previous low-temperature geochronological studies Table 4 shows a compilation of the various low-temperature geochronology ages reported in the Anti-Atlas ( (Green et al. 1989) ; AHe: 75-45 °C (Farley 2000) ], it appears that the entire AntiAtlas belt experienced substantial cooling from the Paleozoic until the Neogene. However, the AHe ages get younger as we move east, indicating that the basement in the central and eastern domains reached temperatures below the He partial resetting window (i.e., <45 °C) 60-40 Myr later than in the western domain.
The modeled t-T paths, displayed in Fig. 8 , show many similarities with our modeling results, especially in Mesozoic time. They illustrate a thermal evolution which is also characterized by two cooling periods separated by a heating event in the western and central Anti-Atlas (Fig. 8a, b) and by a continuous cooling phase in the eastern Anti-Atlas (Fig. 8c) . However, major discrepancies are noted in the timing and rates of each thermal event. For instance, Ruiz et al. (2011) predict the heating event in the western inliers to be 50-60 Myr younger than in our models (Fig. 8a) . In the eastern domain, Malusà et al. (2007) propose a post-Triassic thermal evolution characterized by a continuous cooling with low cooling rates during the Mesozoic and high cooling rates during the Cenozoic, and no heating event as showed in our models (Fig. 8c) .
The discrepancies between the different thermal histories result mainly from the inconsistencies in the constraints imposed to the models. While our models account for both AFT and AHe data, most of the published t-T paths rely solely on FT data (except MA-12 and MA-15 from Sehrt (2014) ). Moreover, all the published models ignore the nearby CAMP dykes which are documented to be 8-11 km deep by the end of the Triassic (Touil et al. 2008; Silva et al. 2010 ).
Discussion
The cooling and heating events documented by the various AFT and AHe data from the Anti-Atlas (Fig. 8) are interpreted to be related to crustal exhumation/denudation and subsidence/sedimentation respectively. Hereafter, we attempt to quantify these post-Variscan vertical movements affecting the Anti-Atlas and investigate the related tectonic processes.
Evolution of surface heat flow and geothermal gradient along the Anti-Atlas domain
Quantifying the amounts and rates of vertical movement requires estimations of surface heat flow which is the expression of the geothermal gradient at depth (Ehlers 2005 ). The few surface heat flow measurements available in the Anti-Atlas are from 200 m deep drill-holes from the Bou-Azzer mine in the central part of the belt (Rimi 1990 (Rimi , 1999 . They show very low surface heat flow values ranging from 36 to 40 mWm −2 . Other measurements from neighboring domains indicate higher values in the Atlantic continental shelf and the coastal basin to the west of the Anti-Atlas (74-76 mWm −2 ), and in the Tindouf basin to the south (86.5 ± 14 mWm −2 ) (Rimi 1990 (Rimi , 1999 . These values reflect the present-day thermal state of the crust, whereas on the scale of the Anti-Atlas belt, which is of hundreds of kilometers, variations in continental heat flow, thus in thermal gradient, are expected to occur over space and time. Variation in heat flow is typically related to the active tectonic processes such as lithospheric extension, sedimentation, erosion, and magmatism.
During the Late Triassic-Early Jurassic, the Anti-Atlas domain was flanked by two rift systems, the Tethyan Atlas rift in the north (Beauchamp 1988; Beauchamp et al. 1999; Frizon De Lamotte et al. 2009 ) and the Atlantic rift in the west (Favre and Stampfli 1992; Davison 2005; Gouiza 2011 ) surface heat flow, respectively ( Fig. 9 ; Pollack and Chapman 1977; Vitorello and Pollack 1980; Kusznir and Park 1987) . Following break-up and initiation of lithospheric cooling, continental heat flow is supposed to decrease exponentially with time and is believed to reach equilibrium around 35-40 mWm −2 after 300-400 Myr (e.g., Polyak and Smirnov 1968; England and Richardson 1980) . Erosion and sedimentation can impact the thermal structure of the crust (Ehlers 2005) . Erosion increases temperatures in the crust by removing cold upper crustal material which is replaced by warmer mantle material, while sedimentation has the opposite effect, as the cool temperature of the deposited sediment is advected downward causing a net decrease in temperatures at depth (Ehlers 2005) .
Intrusion of magmatic bodies can also perturb greatly the heat flow in the surrounding host rocks. However, the Mio-Pliocene volcanism (ca. 11-3 Ma) recorded in the Siroua plateau (Berrahma and Delaloye 1989) and the Saghro inlier (Berrahma et al. 1993) appears to have no effect on the AFT and AHe ages. Moreover, Ehlers (2005) shows that magmatic intrusions which are <1 km wide have a very limited impact, in space and time, on the geothermal gradient of the surrounding rocks. Figure 10 shows the predicted variations of the geothermal gradient over time in the Anti-Atlas assuming an initial surface heat flow of 75 mWm −2 during rifting time (ca. 220-175 Ma), which is comparable to the present-day value measured in the Atlantic continental shelf to the west of the belt (Rimi 1990 (Rimi , 1999 . The initial geothermal gradient is calculated using Eqs. (1) and (2), according to Ehlers (2005): where T(z) is temperature as function of depth (z), T 0 (20 °C) and q 0 are the temperature and heat flow at the Earth's surface, respectively, k is the average thermal conductivity of the crust (3 Wm
).
where
) is the surface heat generation, z is depth, and D (=10 km) is the characteristic depth over which heat producing elements are distributed. The initial geothermal gradient is then corrected for (i) the heat loss with time (t [Myr]) according to the empirical Eq. (3) derived from England and Richardson (1980) , . The blue line shows the geothermal gradient corrected for the heat loss due to the cooling of the lithosphere. The red line shows the geothermal gradient corrected for heat loss and the effect of sedimentation and erosion and (ii) the effect of erosion and sedimentation according to Eq. (4) from Ehlers (2005) .
where q 0 (t) is surface heat flow as function of time (t).
where Γ b is the initial geothermal gradient, erfc is the complementary error function, v is the sedimentation or erosion rate, and α is the thermal diffusivity.
(3) q 0 (t) = 43.43e −7.210 −3 t + 44e
The calculated geothermal gradients (Fig. 10) were then used to convert the modeled t-T paths to burial history (Fig. 11) .
Burial history and tectonic evolution of the Anti-Atlas
Paleozoic evolution
The Paleozoic evolution of the Anti-Atlas domain as described in the literature was characterized by a strong subsidence and deposition of thick clastic sedimentary sequences between the Cambrian and the Carboniferous (Helg et al. 2004; Burkhard et al. 2006; Soulaimani and Burkhard 2008; Michard et al. 2010; Soulaimani et al. 2014 ). The subsidence was first controlled by crustal extension that started in the Late Proterozoic and lasted until the Early Cambrian. Then thermal subsidence with little evidence of tectonic activity took place from the Middle Cambrian to the Middle (Fig. 6 ) using the corrected geothermal gradients (Fig. 10) . The t-D paths are shown in blue, while the t-T paths are shown in red 1 3
Carboniferous. This is in agreement with ZFT ages obtained on samples from the western and central Anti-Atlas, which indicate that the currently exposed basement rocks were at temperatures around 300-240 °C between 350 and 280 Ma (Fig. 7) (Sebti et al. 2009; Oukassou et al. 2013; Sehrt 2014) .
During the Carboniferous-Permian, the Variscan orogeny driven by the continental collision of Laurasia and Gondwana resulted in inversion, folding, and exhumation of the Precambrian-Paleozoic basement of the Anti-Atlas domain (Fig. 12a) (Burkhard et al. 2006; Soulaimani and Burkhard 2008) . Deformation was controlled by thick-skinned inversion of the basement with minimum estimates of shortening on the order of 15-25 km and topography in excess of 10 km (Burkhard et al. 2006) . However, thermal modeling constraint by AFT data from the Bou Azzer inlier in the central Anti-Atlas indicates only 5 km of exhumation during the Carboniferous-Permian time interval (Oukassou et al. 2013 ).
Mesozoic to Cenozoic evolution
The Mesozoic to Cenozoic evolution of the Anti-Atlas as described by our thermal modeling (Fig. 6 ) and the inferred burial history (Fig. 11 ) reveals the existence of major tectonic events (Fig. 12b-d) . The entire Anti-Atlas belt appears to be affected by two episodes of exhumation separated by an episode of subsidence (Fig. 11) .
Late Triassic to Jurassic exhumation
The first event occurred in the Late Triassic and led to the exhumation and erosion of 7.5-10.5 km of crustal rocks by the end of the Middle Jurassic (ca. 160-150 Ma). The exhumation could have initiated earlier than the Late Triassic as our modeling only covered the post-Variscan time interval (220-0 Ma).
During early Mesozoic times, the Anti-Atlas domain was flanked by domains experiencing major lithospheric stretching and thinning (Fig. 12b) . These are the Atlantic rift to the west, which was active from the Late Triassic (ca. 228 Ma) until the Early Jurassic (ca. 175 Ma) (Klitgord and Schouten 1986; Favre and Stampfli 1992; Davison 2005) , and the Atlas rift to the north, which formed the southern branch of the Tethys rift between the Triassic and the Middle Jurassic (ca. 161 Ma) (Guiraud 1998; Frizon de Lamotte et al. 2000; El Harfi et al. 2006) . Given the location of the Anti-Atlas domain, the initial exhumation event, which is contemporaneous with continental rifting in the Central Atlantic and the Tethyan High Atlas trough, could be rift shoulder uplift driven by the strong necking of the lithosphere underneath the two rift systems (Fig. 12b) .
Jurassic to Early Cretaceous subsidence
The exhumation that ended by 180-175 Ma in the AgadirMelloul, E Saghro and Ougnat inliers, and by 160-150 Ma in the Kerdous and Zenaga inliers, was followed by 1-3 km of basement subsidence during the Late Jurassic and most of the Early Cretaceous (Fig. 11 ). This burial event was more pronounced in the central part of the belt (Agadir-Melloul, Zenaga, and E Saghro inliers), which experienced up to 4 km of subsidence (Fig. 11b-e) , than the western and eastern domains (Kerdous and Ougnat inlier, respectively) where barely 1 km of subsidence is recorded (Fig. 11a, f) . The subsidence of the Anti-Atlas basement was coeval with the early post-rift phase of the Central Atlantic and the High Atlas-Tethys (Fig. 12c) . That is a period of thermal relaxation of the lithosphere and subsequent thermal subsidence which probably affected the Anti-Atlas crust as well. The increase in subsidence toward the central domain of the Anti-Atlas mimics the evolution of the High Atlas trough, which Mesozoic depocenter was located in the central part of the rift system (Ellouz et al. 2003; Barbero et al. 2007; Gouiza et al. 2010) .
Late Cretaceous-Cenozoic exhumation
The basement rocks were then slowly brought to the surface after experiencing 2-3.5 km of exhumation throughout the Late Cretaceous and the Cenozoic. The renewal of exhumation in the Anti-Atlas started in the Aptian-Albian time (ca. 120-100), which coincides with the timing of continental break-up in both the South and North Atlantics (Macdonald et al. 2003; Tucholke et al. 2007 ). The resulting changes in plate tectonic motion initiated the convergence between Africa and Iberia which caused compressive stresses in many regions of Iberia (Brede et al. 1992) and probably in Morocco as well (Gouiza 2011; Bertotti and Gouiza 2012) . These intraplate stresses localized in the crust of the western Anti-Atlas and triggered the last exhumation event in the Early-Late Cretaceous (Fig. 11) . The latter was enhanced during the Late Eocene-Neogene collision between Africa and Iberia/Europe (Fig. 11) and led the basement rocks of the Anti-Atlas to exhume to their present-day elevation (Fig. 12d) . These compressional stresses probably reactivated the old Precambrian-Paleozoic structures in thick-skinned fashion (Helg et al. 2004 ) and led to the final crustal topography and thickening that we observe nowadays in the Anti-Atlas belt (Fullea et al. 2010) .
Uncertainties
The absence of Mesozoic sediments nearby the sampled basement rocks in particular and along the Anti-Atlas belt in general introduces some uncertainty about the constraints used in the thermal modeling presented in this work, especially box B. However, the use of AFT and AHe 1 3 data simultaneously helps to better constrain the modeling and increases the robustness of the obtained t-T paths. This is confirmed by the various good t-T paths which cluster around the best t-T path in each of the models (Fig. 6) .
Another source of uncertainty is the geothermal gradient which is used to estimate the amounts of exhumation and subsidence. Adopting a dynamic geothermal gradient (Fig. 10) , which is sensitive to the thermal state of the lithosphere, subsidence and erosion, is geologically more realistic, although it relies on parameters that evolve with time and are difficult to constrain (e.g., initial heat flow). In Fig. 13 , we compare burial histories which were obtained using the dynamic geothermal gradient (Fig. 10) and two end-member geothermal gradients of 15 and 30 °C/km, respectively. As expected, changing the geothermal gradient impacts greatly the amount of exhumation and subsidence derived from the modeled thermal history. For instance, the Late Triassic-Middle Jurassic 10.5 km of exhumation documented in the Agadir-Melloul inlier could increase to 15 km or decrease to only 7.5 km, depending on the geothermal gradient applied (i.e., 15 or 30 °C/km respectively). Although the amounts of vertical motions are highly dependent on the Earth's geotherm, the observation of kmscale exhumation and subsidence in the Anti-Atlas domain through Mesozoic and Cenozoic times remains valid.
Conclusions
The evolution of vertical movements in the Anti-Atlas belt depicted above is at odds with previous tectonic interpretations that assumed the Anti-Atlas to be stable during Best t-T path t-depth path using dynamic geothermal gradient (Fig. 10) t-depth path using constant geothermal gradient of 15 ºC/km t-depth path using constant geothermal gradient of 30 ºC/km 
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Michard et al. Ruiz et al. (2011 ), Sehrt (2014 most of the Mesozoic (Choubert 1963; Michard 1976 ), but also with the assumption that tectonic vertical motions in rifted margins are restricted in time to the syn-rift phase. However, it is in agreement with recent studies that have revealed the existence of major tectonic vertical motions that affected large domains on the eastern margin of the Central Atlantic Ocean (Malusà et al. 2007; Ghorbal et al. 2008; Ghorbal 2009; Gouiza 2011; Ruiz et al. 2011; Bertotti and Gouiza 2012; Oukassou et al. 2013; Sehrt 2014; Leprêtre et al. 2015) . Thereby, our data and the subsequent interpretation imply that the Anti-Atlas domain experienced up to 10.5 km of crustal exhumation and denudation by the Middle Jurassic, in relation with continental rifting in the Central Atlantic and the Tethyan Atlas. The early post-rift period in both rift systems was driven by lithospheric cooling and crustal subsidence and extended to the Anti-Atlas domain which basement rocks record 1-3 km of subsidence during the Late Jurassic and the Early Cretaceous. The final exhumation of the Anti-Atlas belt started by the end of the Early Cretaceous (ca. Aptian-Albian) and was coeval with, and probably driven by, changes in plate motions and, ultimately, the collision between Africa and Iberia/Europe.
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